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Multiple cells contribute to the function of lungs. Pulmonary neuro-
endocrine cells (PNECs) are important for the regulation of breathing
and carcinogenesis, although they represent only a small population of
the airway lining. Achaete-Scute homologue-1 (Ascl1), a proneural
basic helix-loop-helix transcription factor, is critical for the develop-
ment of PNECs. We postulated that Ascl1-defined cells (ASDCs) may be
progenitors, and traced their fate during development and injury re-
pair. R26R-stop-lacZ (Rosa) reporter mice were crossed with Ascl1-Cre
or Ascl1-CreERTM mice, in which the Ascl1 promoter drives the expres-
sion of Cre orinducible Cre recombinase, respectively. ASDCs and their
descendants will be permanently labeled. The labeled cells were char-
acterized by immunohistochemistry, using highly specific differentia-
tion markers. Lineage studies revealed a population that proliferates
before the pseudoglandular stage, and widely contributes to differ-
ent compartments. When ASDCs were labeled on Embryonic Day
9.5, they gaverise to both airway and alveolar cells, but whenlabeled
on Embryonic Day 11.5, they only gave rise to airway cells. In post-
natal naphthalene injury, ASDCs contributed to regenerating Clara
cells. In conclusion, Ascl1-defined cells in the lung represent a novel
multipotent lineage, indicating a close relationship of neuroendo-
crine cells with other cell types.
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The murine respiratory system arises from the ventral foregut
endoderm at around Embryonic Day (E) 9.5. The lung-bud ep-
ithelium invades the adjacent mesenchyme and starts branching
to form a tree-like structure. The epithelium begins to differen-
tiate during the pseudoglandular stage (E9.5-E16.5) (1). Multi-
ple cell types contribute to both the structure and function of
the lung. In the alveoli, Type II pneumocytes (AT2 cells) se-
crete surfactant, whereas Type I cells are responsible for gas
exchange. In the airways, nonciliated secretory (Clara) cells
have metabolic, anti-inflammatory, and anti-neoplastic proper-
ties, whereas ciliated cells eliminate excess mucus and harmful
particles. In addition, the airway lining contains rare but impor-
tant pulmonary neuroendocrine cells (PNECs) that may regu-
late breathing and contribute to carcinogenesis (2-4). PNECs
occur as either solitary cells or clusters called neuroepithelial
bodies (NEBs) (5). In developing lungs, PNECs begin to differ-
entiate before other cells, but their histogenesis has remained
elusive.

Lung development is a complex process that requires mutual
interactions between the mesoderm-derived mesenchyme and
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CLINICAL RELEVANCE

This study uncovered a new set of progenitors during lung
development and injury repair. These findings may have
implications for the development of several pulmonary
lineages, the interaction of epithelial and mesenchymal
compartments, tissue regeneration, and the pathogenesis of
pulmonary diseases, including cancer.

endoderm-derived epithelium. Both in vivo and in organ cul-
ture, a previous study demonstrated the early pseudoglandular
stage of the lung as a dynamic structure, with smooth muscle
and neural tissue in a prime position to influence growth and
development (6). During embryonic lung development, intrinsic
nerve ganglia function to innervate the airway smooth muscle
(7). NEBs are extensively innervated, and may act as sensory
airway receptors (8).

During injury repair, both Clara and AT2 cells are facultative
progenitors that give rise to other pulmonary epithelial cells (9).
On the other hand, it appears that PNECs may renew themselves
but do not contribute to epithelial cells in experimental models
that cause Clara cell injury (10). Although PNECs are very rare
in normal adult lungs, hyperplasias emerge during many human
inflammatory processes, as well as in animal models (11-15). For
instance, PNECs may be involved, directly or indirectly, in the
pathogenesis of cystic fibrosis (16) and diffuse idiopathic pul-
monary neuroendocrine cell hyperplasia in adults (17-19), and
in neuroendocrine cell hyperplasia of infancy (20). The role of
PNEC:s in the development, repair, regeneration, and pathophy-
siology of lung tissue remains poorly understood.

Transcription factors derived from both the endoderm and me-
soderm play important roles in orchestrating lung development
and repair (1, 21). Achaete-Scute homologue-1 (Ascll), a pro-
neural, basic helix-loop-helix transcription (bHLH) factor, is
critical for the development of PNECs in the lung (22).
Ascll-deficient mice are defective in the differentiation of their
autonomic neurons, olfactory bulb, retinal epithelium, and PNECs
(22-25). Despite the total absence of PNECs, fetal lung develop-
ment and differentiation are unremarkable, although Ascll mu-
tant mice die shortly after birth. One of the pathways involved
in determining the cell differentiation fate in airway epithelium
may be the Notch/Notch-ligand “lateral inhibition” system, as-
sociated with Ascll and other bHLH factors (26, 27). Moreover,
the expression of ASCLI in human neuroendocrine cancer cells
promotes “stemness” (28). However, limited data are available
on the fate of Ascll-defined cells (ASDCs) in the lung tissue.
Understanding the lineages of ASDCs may provide strategies
for the treatment of pulmonary diseases, other genetic disorders,
and carcinogenesis affecting the normal function of the lung.

In this study, we aimed to identify ASDC lineages during
lung development and tissue repair by crossing mice expressing
Ascl-Cre or the tamoxifen (TM)—inducible Cre recombinase with
R26R-stop-lacZ (Rosa) reporter mice. This approach has been
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successfully used to trace cells in the central nervous system (29).
We show that the Ascll lineage in the lung includes airway lining
(Clara cells, ciliated cells, and PNECs) and alveolar (AT2) epi-
thelial cells, as well as neuronal ganglion and occasional smooth
muscle cells. In conclusion, Ascll-expressing progenitors can give
rise to descendents from all three germ layers in the murine embry-
onic lung. Moreover, in the adult lung, Ascll-defined progenitors
can contribute to the injury repair of the airway by regenerating
Clara cells.

MATERIALS AND METHODS

Transgenic Mice and Tissue Collection

Ascll-Cre mice, Ascll-CreERTM transgenic mice, and R26-stop-lacZ
or R26-stop-YFP reporter mice have been described previously (29,
30). R26-stop-lacZ and R26-stop-YFP mice are Cre recombinase re-
porter mice purchased from the Jackson Laboratory (Bar Harbor, ME)
(31, 32). All animals were housed and handled according to a protocol
approved by the Animal Care and Use Committee of the National
Cancer Institute.

Mice were mated overnight, and the day of the discovery of the vag-
inal plug was counted as E0.5. The lung tissues from fetal (E12.5, E14.5,
and E17.5) and adult (postnatal P; P = 30) reporter mice were used for 5-
Bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-Gal) staining and
immunostaining. At least three lungs of each genotype from two litters
were examined in all experiments. Transgenic adult and fetal mice
were identified by PCR analysis using tail or yolk-sac DNA, and were
genotyped using published primers (30, 31). The littermates without
Cre or wild-type mice served as controls.

Tamoxifen Administration

The TM induction of Cre recombinase was accomplished by an intraper-
itoneal injection of TM (Sigma-Aldrich, St. Louis, MO) dissolved in
Mazola corn oil (ACH Food Companies, Inc., Memphis, TN) to reporter
mice. R26-stop-lacZ females were mated with Ascll-CreERTM males.
Pregnant females received single dose of 0.1 mg TM per gram body weight.
Adult mice (4-8 weeks old) received four doses of 0.25 mg TM per gram
body weight, one dose every other day.

X-Gal Staining, Immunohistochemistry,
and Immunofluorescence

X-Gal staining is described in the online supplement.

Immunohistochemistry (IHC) was performed using the avidin-
biotinylated peroxidase method (33), with specific antibodies (Table E1
in the online supplement). The results were analyzed with a Nikon Eclipse
400 microscope (Nikon Instruments, Inc., Lewisville, TX) and Metamorph
software (Molecular Devices Corporation, Downingtown, PA). For immu-
nofluorescence, frozen sections mounted on slides were incubated in the
appropriate dilution of primary antibody in PBS, followed by the appro-
priate secondary antibody conjugated with Alexa Fluor 488 or 594 (Mo-
lecular Probes, Eugene, OR). Fluorescence imaging was performed on
a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss Microscopy,
LLC, Thornwood, NY). For each experiment, multiple sections from at
least three different animals of each genotype were analyzed.

Naphthalene Treatment

Naphthalene (Sigma, St. Louis, MO) was dissolved to a concentration of 27.5
mg/ml in Mazola corn oil, and a single intraperitoneal injection (10 ml/kg of
body weight) was administered to 2-month-old Ascll-Cre;Rosa26R-lacZ
mice or TM-induced Ascll-CreERTM;Rosa26R-lacZ mice. Analogously,
control mice received corn oil alone. After naphthalene administration,
the mice were killed after 1, 2, or 5 days. The lungs were fixed in 4% para-
formaldehyde for whole-mount X-Gal staining or paraffin sectioning.

Statistical Analyses

Statistical analyses were performed using SigmaStat version 3.5 software
(Aspire Software International, Ashburn, VA). The Mann-Whitney
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rank-sum test and Student ¢ test were used for analyses, and a P value
of 0.05 or less was considered significant.

RESULTS

Expression of Ascl1 Preceded Neuroendocrine and Epithelial
Cell Differentiation in Embryonic Lungs

To validate that the lungs of transgenic mice used in the study were
normal, we examined their histology and performed IHC, using lung
sections from Ascll-Cre;Rosa26R-lacZ mice, Ascll-CreERTM;
Rosa26R-lacZ mice, and their Cre-negative littermates at different
developmental stages. Grossly and histologically, the transgenic
murine lungs were unremarkable and, as expected, Ascll-positive
PNECs were the first to appear in the embryonic lung (Figures 1G,
1H and E1A in the online supplement). On E12.5, numerous,
solitary Ascll-immunoreactive cells were detected in proximal
airway structures lined by layers of smooth muscle, whereas the
(neuroendocrine) (NE) marker protein gene product 9.5 (PGP9.5)
was expressed at low concentrations in all airway lining cells (Fig-
ures E1A and E1B). Interestingly, Ascll was also expressed in
occasional neuronal ganglion cells intensely labeled by PGP9.5,
located around the large airways (Figures E1A and E1B). By
E14.5, Ascll and PGP9.5 were found in solitary PNECs as well
as in NEBs (Figures E1D and E1E), whereas the NE marker
CGRP was still negative (Figure E1F). By E17.5, many NEBs
were positive for all three NE markers Ascll, PGP9.5, and calci-
tonin gene-related peptide (CGRP) (Figures E1J-E1L). At later
points, the NE foci were also significantly more numerous than on
E12.5 (Figure 1G, P < 0.001).

Like PNECs, the non-NE epithelial cells underwent a matura-
tion process. On E12.5, epithelial differentiation markers such as
Clara cell-specific 10 kD protein (CC10), forkhead box J1 (FoxJ1),
and surfactant protein C (SPC) were negative. On E14.5, immu-
noreactivity for the AT2 marker pro-SPC was localized in acinar
tubules and buds that would later give rise to alveolar sacs (Figure
E1I), whereas the early ciliated cell marker FoxJ1 was expressed
more proximally (Figure E2A), as expected (34). By E17.5, the
epithelial markers B-tubulin for ciliated cells and CC10 for Clara
cells were detected in airways and pro-SPC was seen in alveolar
sacs, consistent with the distribution in mature and normal adult
lungs (Figures EIM-E10). Throughout embryonic develop-
ment as well as in adult lungs, the IHC results for transgenic mice
were comparable to those from their Cre-negative littermates and
wild-type mice. Therefore, transgenic strains will provide a good
model to study cell lineages during lung development.

Cells Derived from the Ascl1 Lineage Become Numerous and
Widely Disseminated in the Lungs during Development

To trace the lineage of ASDCs in the developing lung, we crossed
Ascl1-Cre mice with Rosa26R-stop-lacZ or Rosa26R-stop-YFP
reporter mice. After Cre recombination, any cells derived from
the Ascll lineage were permanently labeled. At any given stage,
B-Gal-positive or yellow fluorescent protein (YFP)-positive
cells in the mice constituted an accumulative representation of
ASDC:s up to that stage. Ascll-Cre;Rosa26R-stop-lacZ murine
lungs were harvested at pseudoglandular (E12.5 and E14.5) and
canalicular (E17.5) stages. X-Gal-stained sections revealed that
ASDCs contributed to both airway and nonairway compart-
ments during development (Figure 1). On E12.5, ASDCs mainly
occupied distal airway epithelium (Figures 1A and 1D), whereas
Ascll-positive PNECs were located in the proximal airways (Fig-
ure E1A). The number of ASDCs was markedly increased during
lung development (Figures 1A-1G). At all stages, a small pop-
ulation of ASDCs was also detected outside the airways in the
mesenchymal compartment (Figures 1D-1F). The quantification
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Embryonic days

E17.5 Figure 1. Distribution of
Achaete-Scute homologue-1
(Ascl1) expression and of

Ascl1-defined cells (ASDCs) in
developing lung tissue. (A-F)
Photomicrographs of ASDCs
on Embryonic Day (E) 12.5,
E14.5, and E17.5 during de-
velopment from Ascl1-Cre;
Rosa26R-lacZ mice. (A) E12.5.
Whole embryo with blue in the
developing midbrain (arrow).
No blue cells are visible in the
lung at this magnification
(black ellipse). (B and C) Low-
power view of lungs, with
variable intensities of blue in
different lobes. Heart is nega-
tive (arrowheads). (D and E)
Epithelial staining along airway
lining (arrows) and in paren-
chyma (arrowheads). (F) On
E17.5, blue ASDCs are evident
in the airway epithelium
(arrows) and in the area of
the alveolar sacs of the periph-
eral lung (arrowheads). X-Gal
histochemical staining was
performed with Nuclear Red.
Asterisk indicates airway lu-
men. Magnification bars =
1,000 pm in A-C, and 50 pm

in D-F. (G) Bar graph of Ascl1-positive pulmonary neuroendocrine cells (PNECs) and ASDCs in the developing lung (mean = SE). The data reflect 3
mice/genotype. ***P < 0.001. (H) Ascl1 expression in lung on E17.5. Three strongly positive neuroepithelial bodies (NEBs; arrows) are evident in
developing bronchioli, which are indicated by asterisks. Inmunoperoxidase staining, bar = 50 um.

of Ascll-positive PNECs and ASDC:s lining the developing air-
ways at different stages confirmed that ASDCs were not limited
to PNECs (Figure 1G), but were more abundant. The distribu-
tion of X-Gal-positive cells suggested that ASDCs gave rise to
a variety of cells in all three germ cell layers.

To explore the differentiation potential of ASDCs during de-
velopment, we performed IHC on X-Gal-stained sections, using
the cell type-specific markers validated earlier (Figure E1).
During the embryonic period on E12.5, ASDCs included Ascll-
positive solitary PNECs in the lining of proximal airways (Fig-
ure 2A), Ascll, and neuronal marker PGP9.5—positive neuronal
cells in ganglia (Figures 2A and 2B) located outside the peri-
bronchiolar smooth muscle. Smooth muscle that is immunore-
active for a-smooth muscle actin (a-SMA) (Figure 2C)
surrounds the proximal airways and developing vessels. A num-
ber of X-Gal-positive cells appear in the undifferentiated air-
way lining, which is positive for PGP9.5 (Figure 2B), or in the
peribronchiolar (Figure 2C) and vascular smooth muscle (Fig-
ure E2C). The peripheral parenchyma is negative for the blue
X-Gal-positive cells. Interestingly, the three dually positive cell
types we were able to identify are derivatives from different
germ layers, indicating that ASDCs may be multipotent progen-
itors that emerge at a very early embryonic stage.

In the midpseudoglandular stage on E14.5, ASDCs contributed
to both solitary PNECs and NEBs (Figures 2D and 2E), which
were defined by Ascll and PGP9.5. In addition, ASDCs were
found among FoxJ1-positive ciliated precursor cells (Figure E2B),
Ascll, and PGP9.5 (Figure 2E)-positive ganglia and a-SMA-
expressing smooth muscle cells (Figure 2F). Overall on E14.5,
the number of ASDCs had greatly increased, and the majority

of them appeared undifferentiated or negative for the differen-
tiation markers in both the airway lining and parenchyma.

During the canalicular period on E17.5, ASDC:s still included
Ascll-positive and PGP9.5-positive NEBs, PGP9.5-positive neu-
ronal cells/nerves (Figures 2G and 2H), and a-SMA-—positive
smooth muscle cells (Figure 2I). Notably, a number of ASDCs
were also positive for CC10 in the airway lining Clara cells
(Figure 27J), for B-tubulin in ciliated cells (Figure 2K), and for
SPC in AT2 cells (Figure 2L) located in the alveolar compart-
ment. Taken together, current data suggest that ASDCs give
rise to a variety of cells in both airway and nonairway compart-
ments during lung development.

Stage-Specific Fate of the Ascl1 Lineage
in the Developing Lung

To investigate the fate of ASDCs at specific developmental
stages, we used an inducible Cre recombinase transgenic strain,
Ascll-CreERTM crossed with Rosa26R reporter mice. In this
model, Cre recombination will be detectable within 6 hours after
TM injection, and will continue for nearly 24 hours (35). Hence,
only cells expressing Ascll at this time period (and their
descendants) will be labeled. This approach allowed us to tem-
porally and spatially map the fate of ASDCs and their descen-
dants as they matured. TM was injected into pregnant female
mice at pseudoglandular stage E9.5 or E11.5. When the lungs
were dissected during the canalicular stage on E17.5 and stained
with X-Gal, more cells were labeled after the early TM injection
(Figures 3A-3D). X-Gal staining results showed that the de-
scendents of the E9.5-induced ASDCs contributed to both the
airway and nonairway compartments (Figure 3C). A portion of
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Clara cells (Figure 3E) and AT2 cells (Figure 3F) were labeled.
In contrast, the X-Gal staining of descendents from E11.5-
induced ASDCs were limited only to a few cells in the airways
(Figure 3D). Considering these results together with the Ascll
lineage cells identified using Ascll-Cre;Rosa26R-stop-lacZ em-
bryonic lungs (Figure 2), we propose a model for Ascll lineage
in the developing lung (Figure 3G). The Ascll-expressing pop-
ulation before the pseudoglandular stage (E9.5-E16.5) can give
rise to all airway cell types (PNECs, Clara, and ciliated) and
alveolar AT2 cells. In addition, Ascll-defined progenitors also
give rise to neuronal cells that may develop into intrapulmonary
ganglia, as well as occasional peribronchiolar smooth muscle cells.

Response of Ascl1-Expressing Cells to Acute Injury
in Adult Lungs

Ascll is critical for the development and differentiation of
PNEC:s (26, 36). During development, we saw a marked expan-
sion of ASDCs beyond PNECs in the airway epithelium. To
study whether Ascll-expressing cells are multipotent in the
adult lung, we used the naphthalene injury repair model. In this
model, naphthalene kills Clara cells, which is followed by a rapid
reconstruction of the airway lining. Stage-specific inducible Ascll1-
CreERTM;Rosa26R-stop-YFP mice received TM, followed by
naphthalene (Figure 4A). Lungs were harvested 5 days later
to monitor the repair. As shown by double-labeling in Figures
4B-4G and E3, adult Ascll-expressing cells that were labeled
before exposure gave rise not only to PNECs (Figures 4F and

771

Figure 2. Ascl1-defined progen-
itors contribute to both airway
and nonairway compartments
during lung development. Pho-
tomicrographs of colabeling in
the lung by X-Gal (histochemical
stain; blue) and immunohisto-
chemistry  (immunoperoxidase
stain; brown). (A-C) E12.5 lung
with lineage-labeled (blue) cells
include Ascl1-positive  brown
cells (A, arrowheads) in the air-
ways and ganglia (A, arrows),
PGP9.5-positive ganglion cells
(B, solid arrows; C, open arrow),
and a-smooth muscle actin (a-
SMA)-positive cells in the airway
smooth muscle layer (C, arrows).
In addition, a-SMA—positive cells
are also associated with vascular
smooth muscle (S2C, arrows).
(D-F) In E14.5 lung, lineage-
labeled cells include NEBs (ar-
rowheads) and solitary PNECs
(arrows) expressing Ascll (D),
PGP9.5 (E), and smooth muscle
cells expressing a-SMA (F). (G-L)
In E17.5 lung, lineage-labeled
cells include PNECs that express
Ascll (G) or PGP9.5 (H), and
a-SMA-positive smooth muscle
cells (f), CC10-positive Clara cells
(), B-tubulin  (BTub)-positive
ciliated cells (K), and alveolar
Type Il (AT2) cells (L). SMA,
smooth muscle antigen. Asterisks
indicate airway lumen. Bars =
50 pm.

E3B and E3C), but also to regenerating Clara cells (Figures 4B
and 4D and E3B and E3C) and ciliated cells (Figures 4C and 4E
and E3B and E3C) in the airways. Notably, a subgroup of AT2
cells in the alveolar compartment was also labeled (Figure 4G),
although they are generally thought not to be directly involved
in acute naphthalene injury repair. As previously described, the
regeneration of airway lining initially occurs in small groups or
patches (44). Groups of Clara cells were located at bifurcations
and distal terminal bronchioles (Figures 4B and E3B). The data
suggest that adult ASDCs participate in injury repair. Moreover,
even PNECs may be able to give rise to epithelial cells in response
to injury.

DISCUSSION

The formation of the mammalian pulmonary system requires
timely cell proliferation, migration, and differentiation of distinct
cell types from multipotent progenitors. These processes are
largely driven by interactions between mesenchymal and epithelial
elements. Theoretically, undifferentiated epithelial cells provide
the progenitor pool for lineage-committed precursors that will de-
velop into fully specialized cells (9, 37). Our study demonstrates
that progenitors defined by Ascll can give rise to a wide variety of
pulmonary cell types. Although the proneural transcription factor
Ascll is a critical gene for the development of PNECs in the lung
(22), our in vivo genetic fate-mapping study revealed that the
descendants from Ascll-expressing cells or ASDCs in embryonic
murine lungs were not restricted only to become PNECs. In
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contrast, the majority of ASDCs that expressed the lacZ or YFP
marker after Cre recombination were epithelial. ASDCs lining
the airways coexpressed the Clara, ciliated, and NE cell markers
CC10, B-tubulin, and CGRP, respectively, and a substantial num-
ber of ASDCs were found in the alveolar compartment and cola-
beled with the AT2 marker SPC.

The peripheral lung tubules are thought to be formed by bud-
ding from the intrapulmonary conducting airways, which later
leads to the formation of alveoli. Although the first Ascll-
positive cells were detected in proximal conducting airways on
E12.5, the multipotent distal cells in the budding tubules were
negative for Ascll. Perl and colleagues, who used an inducible
SPC promoter, discovered that by E11.5, the progenitors of
the peripheral lung were highly restricted (38). Our lineage
study shows that the progenitors expressing Ascll at the initia-
tion of embryogenesis readily generated airway and, eventually,
AT?2 cells, whereas ASDCs on E9.5 gave rise to far fewer airway
and alveolar cells. Importantly, the number of descendent cells
from Ascll-expressing progenitors on E11.5 was further decreased,
and these progenitors were incapable of giving rise to AT2 cells.
This provides new evidence supporting observations on the early
restriction of murine embryonic lung progenitor cells (38). Our
current data indicate that in the lineages, the expression of Ascll
may be transient, and progenitors may already exist before the
formation of lung buds. Notably, at the beginning of the pseudo-
glandular stage, such ASDCs may persist and retain the potential
to give rise to AT2 cells. However, further studies are needed to
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Figure 3. Temporal-specific fate maps of Ascl1 lineage
in developing lung, and schematic summary of Ascl1
lineage. (A and B) Whole-mount X-Gal staining of
Ascl1-CreERTM;Rosa26R-lacZ E17.5 lungs treated with
tamoxifen (TM) at indicated embryonic stages. Bar =
1,000 pm. (C) Photomicrograph of TM injection on
E9.5 labeled the cells in both airway (arrowheads)
and nonairway (arrows) compartments. Bar = 50 pm.
(D) The labeled cells in the nonairway compartment
were dramatically decreased when TM was injected
on E11.5. Bar = 50 pm. Colabeling with immunohis-
tochemistry (IHC) showed the X-Gal-labeled (blue)
cells with (E) CC10-positive Clara cells (brown; bar =
25 pum) and (F) SPC-positive AT2 cells (brown). Arrows
point to the best double-positive cells. Bar = 25 pm.
Asterisks indicate airway lumen. (G) Schematic of Ascl1
lineage in the developing murine lung. During embry-
onic lung development, Ascl1-defined progenitors
gave rise to PNECs, Clara cells, ciliated cells, and AT2
cells, as well as smooth muscle cells and ganglia.

PNEC Clara ciliated AT2 AT1 SMA Ganglia

investigate whether progenitors are homogenous, or if the subsets
they give rise to will be similar.

Obviously, the cell population of major interest, although few
in numbers, comprised PNECs and NEBS. They are the first cells
to differentiate during lung development (5). Perl and colleagues
concluded that in the very early nonoverlapping proximal (giv-
ing rise to PNECs) and distal lung, cell lineages emerge before
the formation of the visible lung bud (38). In the present study,
Ascll-positive solitary PNECs were discovered on E12.5, and
NEBs on E14.5. A subset of cells was also labeled with X-Gal,
suggesting that they were ASDCs. Because all NE cells were
not doubly labeled, we cannot rule out the possibility that dif-
ferent subsets of PNECs exist. However, the present study did
not contain the scope to determine the histogenesis or upstream
events of PNECs, but rather explored the descendants of Ascll-
defined cells.

Using the same murine strains (Ascl-Cre or Ascll-CreERTM
crossed with Rosa reporter mice), Ascll lineage cells have been
shown to contribute to distinct cell types in the central nervous
system (29). In the present study, Ascll-positive peribronchial
ganglion cells that were labeled with X-Gal were occasionally
seen in developing lungs. They were positive for the neuronal
marker PGP9.5. These cells may belong to the intrinsic pulmo-
nary nervous system, or may be among the neural cells from
sympathetic ganglia that migrate to the parabronchial plexus. A
study of the salivary gland, another branching organ, has deter-
mined that neuronal activity preferentially affects epithelial
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progenitor cells (39). In the lung, intrinsic nerve ganglia that
innervate airway smooth muscle are derived from neural crest
cells (40-42). Our study has shown that the ganglia in the lung
are Ascll lineage cells, which may migrate from the central
nervous system at an early embryonic stage.

Both in vivo and organ culture studies have shown that in
addition to neural tissue, smooth muscle plays an important role
in lung growth and development (6). Our data demonstrate that
Ascll-defined progenitors give rise to both smooth muscle cells
and neuronal (ganglion) cells, indicating that the expression of
Ascll in multiple derivatives from different germ layers is char-
acteristic of early lung development. In wild-type mice, the
numbers of PNECs and NEBs increase during embryonic lung
development, and reach a peak during the perinatal period (43),
indicating that PNECs are important during the terminal sac
stage (E17.5-P5). Ascll ™~ mice develop lungs without PNECs
and NEBs. Pups all died within 24 hours after birth because of
hyperventilation and severe abnormalities of the central ner-
vous system (22). Our study shows the Ascll lineage cells are
not limited to PNECs, but also contribute to ganglia and smooth
muscle cells during lung development. These tissues are conceiv-
ably needed for the regulation of breathing. Thus, our results
provide new evidence to explain why the lungs in Ascll ~'~ mice
could not function normally.

To elucidate the progenitor properties of ASDCs in adult
lung epithelium, we used the well-characterized naphthalene
model. A single injection of naphthalene depletes pulmonary
Clara cells, followed by rapid repair and transient PNEC hyper-
plasia. In most cases, the epithelium has fully recovered from the
injury in 1-3 weeks (44). The bronchiolar airway cells resistant to
naphthalene treatment include ciliated cells, PNECs, rare “vari-
ant” Clara (vC) cells, and bronchioalveolar stem cells (BASCs).
Previous studies suggest that ciliated cells neither proliferate
nor transdifferentiate, and PNECs only proliferate, whereas
vC cells and BASCs lead to epithelial regeneration during in-
jury repair (45-48). Our results show that both embryonic and
adult ASDCs have the ability to give rise to regenerated Clara
cells after naphthalene injury. Like the Clara-cell repair that
starts from “regenerative zones” (44), CC10-positive ASDCs
were also found in groups. However, more studies are needed to
identify the subgroups of Ascll-defined progenitors contributing to

ing injury repair. (A) Schematic of injection schedules.
Four TM injections of 2.5 mg/g body weight were ad-
ministered every other day to Ascl1-CreERTM;Rosa26R-
YFP mice. Seven days after the final TM injection, mice
were treated with naphthalene, and were killed 5 days
after naphthalene treatment. wk, weeks. (B and C)
Photomicrographs of colabeling with X-Gal and immu-
noperoxidase staining in the lung, 5 days after naph-
thalene treatment, in regenerating CC10-positive Clara
cells (brown) (B) and B-tubulin—-positive ciliated cells
(C). Bar = 50 pm. Insets show higher-magnification
views. (D-G) Immunofluorescence micrographs at the
same time points show colocalization (in orange/yel-
low) of Ascl1 lineage GFP (green) with (D) CC10 (red)
in Clara cells, (E£) B-tubulin (red) in ciliated cells, (F)
CGRP (red) in PNECs, and (G) SPC (red) in AT2 cells.
GFP, green fluorescent protein. Bars = 10 pm.

repair. Interestingly, during injury repair, the adult Ascll line-
age included AT2 cells in the alveolar compartment. Two in-
triguing possibilities are evident: (/) Ascll-defined AT2 cells
come from BASCs that are part of ASDCs. Because the BASCs
express both Clara and AT2 cell markers and can generate
Clara cells after naphthalene injury, they may also give rise to
AT?2 cells during injury repair (49). (2) A subgroup of AT2 cells
transiently expresses Ascll in response to naphthalene, which
could alter alveolar homeostasis. Further study is needed to
determine whether BASCs are Ascll lineage progenitors, or if
they transiently express Ascll after naphthalene treatment.
Although the murine models in the present study were previ-
ously used to trace ASDCs in the central nervous system, interpre-
tative caution should be exercised, because several limitations may
apply (29, 30). This was potentially the first time, to the best of
our knowledge, that these two transgenic murine strains were
used in lung research. That is why we carefully compared the
development and repair processes in transgenic mice and their
littermates with wild-type control mice, and detected no sub-
stantial discrepancies. To eliminate the potential interference
from detection systems, we used both X-Gal-based and YFP-
based methods. Nevertheless, as illustrated by Miyoshi and col-
leagues in brain tissue (50), the conditional or TM-inducible Cre
may have failed to label some cells in lung tissue. Because the
strains rely on bacterial artificial chromosome techniques, trans-
gene expression may not be 100% reliable because of the possi-
ble position effects or lack of transcription regulatory regions.
Moreover, all the cells derived from Ascll are not expected to
be marked, because the induction of Cre is unlikely to be 100%
efficient in deleting the sequence of stop codon from the reporter.
Ultimately, other strains and techniques will be required to ad-
dress such concerns more definitely. Although more ASDCs may
exist than the ones that we detected, important questions that
remain to be answered include: What are the critical factors in-
volved in the multidirectional differentiation of Ascll-defined pro-
genitors? Can Ascll-expressing progenitor cells give rise to other
defined epithelial progenitors (e.g., BASCs or vC cells)?
Taken together, this study uncovered a new set of progenitors
during lung development and injury repair. Our findings may have
implications for the development of several pulmonary lineages,
the interaction of epithelial and mesenchymal compartments,
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tissue regeneration, and the pathogenesis of pulmonary diseases,
including cancer.
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